1. Introduction
===============

Detection, identification and quantification of microbial pathogens are crucial for public health protection. Areas where detection of microbial pathogens is critical include clinical diagnosis, water and environmental analysis, food safety, and biodefense. Microbial culture-based tests and molecular assays (immunological or nucleic acid technologies) are the most common methodologies currently used ([@bib54]). These techniques are either time consuming or require sophisticated equipment and highly trained personnel, hence increasing the analysis cost. Rapid detection techniques should provide reliable, real time, on-field, user-friendly, and inexpensive detection with improved or equivalent sensitivity, specificity and reproducibility of culture-based tests ([@bib2]). According to [@bib54], biosensor technology is the fastest growing area in rapid pathogen detection. The commonly used biological recognition elements in biosensor platforms are antibodies and nucleic acid probes.

Aptamers are specific nucleic acid sequences that can bind to a wide range of non-nucleic acid targets with high affinity and specificity ([@bib47]). In diagnostic and detection assays, aptamers represent an alternative to antibodies as recognition agents. Aptamers are selected through an *in vitro* process, which represents lower cost and less batch-to-batch variation than antibody *in vivo* production. Furthermore, toxins and molecules that do not elicit a good immune response can be used to generate high affinity aptamers ([@bib74], [@bib81]).

Typically, aptamer sequences are identified through the SELEX process (systematic evolution of ligands by exponential enrichment). The methodology consists of screening large random oligonucleotide libraries through iterative cycles of *in vitro* selection and enzymatic amplification ([@bib25], [@bib99], [@bib82]). Briefly, SELEX starts with incubation of the nucleic-acid sequence library with the target (protein, antibody, enzyme, etc.), followed by separation and exponential amplification of the binding oligonucleotides. This process is repeated (typically 8--15 times) using the obtained enriched pool as starting library. Finally, cloning and sequencing of the final specific binding molecules allow identification of the best sequences ([Fig. 1](#fig1){ref-type="fig"} ).Fig. 1General illustration of complex-target aptamer selection strategies. SELEX procedure: the oligonucleotide pool (random library) is incubated with the target. Binding sequences are partitioned from the non-binding sequences and amplified by PCR. The enriched pool is incubated again with the target. After several iterative cycles, the selected oligonucleotides are cloned and sequenced. Counter-selection step: the random library is incubated with a counter-target (usually closely related to the target) to eliminate the sequences that bind this counter--target and increase the specificity of the random library (remaining sequences) that is incubated with the target. This step is usually conducted over several cycles either before or after the target incubation. Deconvolution step: the cloned and sequenced specific oligonucleotides are analyzed to evaluate binding efficiency and/or determine specific binding sites within the cell wall (usually proteins) or the complex mixture.

Aptamers can be selected for a wide variety of targets, from small molecules to whole cells. SELEX targets include proteins, enzymes, antibodies, antibiotics, and toxins. Complex targets include non-whole-cell (cell surface molecules, membrane fragments, bacterial lysates, and viral particles) and whole-cell targets ([@bib19], [@bib85]). Proteins are the most common SELEX targets. Thrombin, an important protease in the coagulation cascade, has been the most studied target; its aptamer sequences have been used as biological recognition agents in the design and development of biosensors ([@bib98]). Aptamers are target-conformation specific, which means that if the target protein conformation changes, the binding event will be affected or may not occur. In order to get consistency within the SELEX cycles, it is necessary to use the target in the most stable conformation. Therefore, in some diagnostic and therapeutic applications, target proteins that are expressed on cell membranes cannot be introduced into SELEX as isolated and purified proteins. They need to be presented as cell fragment preparations (non-whole-cell targets) or intact whole cells ([@bib85]). These targets are commonly called "complex targets."

It is well documented that due to their high specificity and affinity properties, aptamers can be used as stationary phase or capture molecules in analytical techniques, such as affinity chromatography ([@bib20], [@bib32]), capillary electrophoresis, and mass spectrometry ([@bib97]). Clinical applications of aptamers include their use as therapeutic agents ([@bib55], [@bib71]), anti-infective agents ([@bib100]), and as drug delivery molecules ([@bib4], [@bib104]). One of the most studied applications is the identification of cell surface markers for cancer detection. Some target examples include lymphoma (Ramos) cells ([@bib95]), leukemia cells ([@bib86]), brain tumor microvessel (endothelial) cells ([@bib9]), and brain tumor (glioblastoma) cells ([@bib22]). Although several aptamer studies have been published about individual protein targets, few aptamers for microorganisms, particularly for whole-cell detection, have been identified. Some examples will be reviewed in the present work. Most of these aptamers have been developed for clinical diagnostics and infection inhibitor agents.

Aptamer detection applications include aptamer-based microarrays ([@bib21]), quantum-dot aptamer complexes ([@bib59], [@bib33]), aptamer-functionalized gold nanoparticles ([@bib40], [@bib52]), and aptamer-based biosensors (aptasensors) ([@bib23], [@bib103], [@bib27], [@bib56]). Electrical and optical aptasensor platforms have been reviewed previously, including aptasensor applications in biosecurity and clinical diagnostics ([@bib74], [@bib60], [@bib91]). However, a review on aptamers and aptasensors for detection of microbial pathogens is not yet available. This article provides a review of aptamers, SELEX procedures, and aptasensor designs for microorganism recognition, with special emphasis on whole-cell targets. Nanoparticle-based aptasensors are introduced as a prospective application for microbial and viral pathogen detection.

2. Complex-target SELEX
=======================

In aptamer research, cellular detection is a promising area. One of its principal advantages is the ability to target specific pathological cell stages or cell types without having previous knowledge of the membrane molecules or structural changes related to that cell stage or type ([@bib22], [@bib32]). Cellular aptamers can be applied to isolate, concentrate, and identify particular cells from biological matrices ([@bib31]). One of the first models for complex-target SELEX used human red blood cell membranes as target ([@bib69]). In the report, ligands to specific target molecules in the complex mixture were isolated and identified using a deconvolution-SELEX strategy. Deconvolution, a secondary selection step, allows for the partitioning of the aptamer pool generated from the SELEX process that has evolved against multiple targets ([@bib28]) ([Fig. 1](#fig1){ref-type="fig"}). This step involves: (a) evaluation of aptamer\'s ability to specifically bind, capture, and identify the target ([@bib9]); or (b) incubation of the last selected aptamer pool with the target, in order to identify and isolate potential specific protein targets within the complex mixture, using magnetic capture beads and SDS/PAGE analysis ([@bib69], [@bib28]).

Another complex-target SELEX strategy includes the use of genetically modified cells that overexpress a target recombinant protein on the cell surface. The whole cell is introduced into the SELEX process as a target, to isolate aptamers for that particular protein ([@bib14], [@bib75]). The most common application of whole-cell SELEX is the cell-surface biomarker identification for cancer diagnostics ([@bib87]). Besides detection, aptamers have other potential applications in cancer therapeutics, such as blocking (neutralizing) agents for whole-cell inhibition differentiation ([@bib19], [@bib85]). Aptamers used for cancer cell identification and their potential therapeutic applications have been extensively reviewed ([@bib13], [@bib44], [@bib15]).

One of the most critical steps in SELEX is the partitioning of target-binding sequences from non-specific oligonucleotides. In some applications that use complex cellular targets (cell fraction mixtures, cell surface molecules or whole cells), the specific target molecule is unknown before the selection process. Therefore, it is not possible to select aptamers against purified proteins. Besides, there are multiple potential target molecules in cell walls which can be present among species. In order to improve specificity, an additional counter-selection step can be used in the aptamer selection process.

In SELEX, the counter-selection cycle involves incubation of a closely related cell or microorganism with the random nucleotide library, to eliminate the sequences that are non-specific to the target ([Fig. 1](#fig1){ref-type="fig"}). This "negative" selection can be conducted after several "positive" cycles with the target of interest ([@bib86]), or before the specific selection ([@bib16]). Negative cycles can also include the elimination of nucleotide sequences that bind to solid supports (e.g., membranes, columns, filters or beads), commonly used in partitioning techniques like nitrocellulose membrane filtration, affinity chromatography, magnetic separation, and capillary electrophoresis ([@bib101]).

In complex-target SELEX techniques, the ability to target a specific cell without knowing the precise molecules associated with can be an advantage as well as a disadvantage. A number of additional purification steps of the final aptamer pool may be necessary in order to identify particular family ligands selected against the multiple targets present in complex mixtures. Specific target molecule identification is not always possible. This represents a challenge for further binding optimization, which would be necessary for detection and biosensing aptamer applications.

3. Aptamer development for pathogenic microorganisms and viruses
================================================================

Aptamers targeting microbial and viral pathogens have been developed for two main purposes: as therapeutics and for pathogen detection. Whole-cell and non-whole-cell targeting approaches have been applied in microbial SELEX. Examples of non-whole-cell approaches include viral and bacterial lysates, and cell membrane preparations. Viral protein aptamers have been used in the molecular analysis of virus replication and in the development of antiviral agents ([@bib107], [@bib45], [@bib46]). A summary of the available reports on microbial targets (including whole-cell, non-whole-cell, and toxin targets) is provided in [Table 1](#tbl1){ref-type="table"} . Representative examples of viral aptamers developed for detection or infection inhibition are also included. Whole-cell strategies and targets are discussed in the following section.Table 1Summary of microbial and viral pathogen aptamers.TargetApplicationCounter-selection stepAptamer sequence(s)Identification of specific target molecule(s)Reference**Whole-cell targets***B. anthracis* Sterne strain sporesDetection--No sequence reportedNon-identified[@bib10]Detection--3 sequencesNon-identified[@bib51]Detection--79 sequences from 13 classesNon-identified[@bib108]*B. thuringiensis* sporesDetection--1 sequenceNon-identified[@bib42]*E. coli* DH5αDetection--1 sequenceNon-identified[@bib90]*M. tuberculosis*Anti-mycobacterial agents*M. bovis* attenuated strain \[Bacillus Calmette-Gue'rin (BCG)\]No sequence reportedMembrane protein[@bib16]*T. brucei*Anti-parasitic drugs--22 sequences from 3 classesParasite flagellar protein[@bib38]*T. cruzi*Invasion inhibitor agents*T. cruzi* epimastigotes23 sequences from 4 classesParasite receptors for the host cell matrix molecules laminin, fibronecitin, thrombospondin and heparin sulfate.[@bib100]Human Influenza A virus (H3N2) (A/Panama)Influenza A virus genotyping and inhibitor agentA/Aichi H3N2 virus strain2 sequencesHaemagglutinin (HA1 peptide chain)[@bib30]TargetApplicationCounter-selection stepAptamer sequence(s)Identification of specific target molecule(s)Reference**Non-whole-cell targets***F. tularensis* bacterial protein lysateDetection--No sequence reportedNon-identified[@bib101]Rous Sarcoma virus (RSV) particlesVirus inhibitor agent--6 sequencesNon-identified[@bib78]Vaccinia virus (VACV) particlesInfection inhibitor agentNon-infected Hep2 cells1 sequenceNon-identified[@bib72]TargetApplicationCounter-selection stepAptamer sequence(s)Reference**Microbial and viral protein/toxin targets**Cholera whole toxinDetection--No sequence reported[@bib11]*E. coli* release factor 1 (RF-1)Non-sense-suppression-based technology--17 sequences from 3 classes[@bib84]*Mycobacterium avium* subsp. *paratuberculosis* recombinant MAP0105c gene productDetectionMaltose-bind protein (MBP)No sequence reported[@bib3]*S. enterica* serovar Typhi IVP pili protein (pre-PilS protein)Cell invasion inhibitor agent--9 sequences reported[@bib77]Shiga toxinDetection--11 sequences[@bib50]Staphylococcal enterotoxin B (SEB)Detection--No sequence reported[@bib11]Hepatitis C virus (HCV) non-structural protein 3 (NS3) proteaseAnti-HCV agents3 sequences[@bib29]HCV NS3 helicaseTherapeutics and diagnostic--4 sequences[@bib41]HCV NS5B RNA polymerasePolymerase inhibition--7 sequences from 3 classes[@bib8]Human immunodeficiency virus 1 (HIV-1) reverse transcriptase (RT)Reverse transcription inhibition--25 sequences[@bib24]HIV-1 protein trans-activator of transcription (Tat protein)Transcription inhibition and detection--4 sequences[@bib105]HIV-1 R5 SU glycoptrotein (gp120)Antiviral--27 sequences[@bib49]Influenza A virus (H5N1) HA1 proteinAntiviral--2 sequences[@bib17]SARS coronavirus (SCV) NTPase/HelicaseAnti-SCV agents--6 sequences from 3 classes[@bib46]

3.1. Whole-cell targets
-----------------------

### 3.1.1. Protozoa

African trypanosomes aptamer selection is one of the first reports for microbial whole-cell targets that included the obtained aptamer sequences, the identification of the particular target molecule location, and the aptamer\'s secondary structure prediction ([@bib38]). *Trypanosoma brucei* was used as the model organism for African trypanosomes and extracellular parasites. Three different classes of RNA aptamers were selected. The specific binding site was identified as a protein molecule located in the parasite flagellar pocket. The selected aptamers were not able to specifically identify *T. brucei* among other trypanosome strains tested ([@bib38]). Further binding analysis and internalization capabilities of the African trypanosomes aptamers have been published ([@bib39]).

[@bib100] reported the use of live *Trypanosoma cruzi* parasites as SELEX targets for the selection of RNA aptamers with inhibitory activity on *T. cruzi* cell invasion. *T. cruzi* is an intracellular parasite for which mediating parasite--host cell molecules that play an important role in the cell adhesion and invasion process have been identified (laminin, thrombospondin, heparin sulfate, and fibronectin) ([@bib100]). During the selection cycles, a selective displacement step was applied to the RNA molecules that bound to the *T. cruzi* surfaces. The four host cell molecules were incubated with the parasite--aptamer complexes and the displaced RNA molecules were used as starting library for the next selection cycle. The obtained RNA ligands specifically bound to the parasite receptors of the host cell matrix molecules. Also, all aptamer classes obtained were able to inhibit *T. cruzi* invasion *in vitro* ([@bib100]). The development of potential anti-parasitic drugs has been the main application of the trypanosome aptamer research. Post-SELEX optimization has been reported to improve *in vivo* functionality of the RNA aptamer against African trypanosomes ([@bib1]).

### 3.1.2. Bacteria

*Bacillus anthracis* Sterne strain spores have also been used as whole-cell targets in SELEX ([@bib10], [@bib108]; [@bib50], [@bib51]). Further post-SELEX optimization (i.e., characterization of aptamer--spore binding reaction, identification of specific spore target molecules, specificity and sensitivity assays) is necessary in order to use the isolated DNA aptamers in the development of detection platforms.

[@bib93] reported the use of aptamers for the detection of *Campylobacter jejuni* whole-cells. In the report, aptamer specificity assays showed no cross-reactivity with *Salmonella* Typhimurium, but limited cross-reactivity with *Escherichia coli* O157:H7. However, some cross-reactivity was shown with *Helicobacter pylori* and *Listeria* sp. at high concentrations ([@bib65], [@bib94]). In these studies, neither the SELEX process nor the *C. jejuni* aptamer sequences were detailed in the report.

Aptamers with potential therapeutic application have been identified for *Mycobacterium tuberculosis*, using a whole-bacterium SELEX strategy ([@bib16]). The selected aptamer sequence, which constituted 30% of the final pool, specifically distinguishes *M. tuberculosis* cells (H37Rv strain) from *M. bovis* (the counter-selection cells). The specific target molecules were partially identified as membrane proteins, using a proteinase analysis. *M. tuberculosis* cells were treated with trypsin and proteinase K before the incubation step with the aptamer sequence. Negative results were obtained for the binding reaction between the treated cells and the aptamer. This suggests that the binding sites were removed by the proteinase treatment and that they were most likely membrane proteins. This proteinase assay can be used for the initial identification of target molecules in whole-cell SELEX approaches.

### 3.1.3. Viruses

Whole-cell strategies have also been used to obtain aptamers against viruses. The human influenza A virus RNA aptamers obtained by [@bib30] specifically bound and differentiated strains within subtype N3N2. The binding analysis suggested that the aptamers were specific for the haemagglutinin (HA) membrane glycoprotein of the A/Panama virus strain and were able to distinguish this HA from those of other influenza viruses, including strains of the same subtype N3N2 (A/Aichi strain). Post-SELEX optimization assays included determination of binding kinetics, identification of aptamer minimal RNA motif, and determination of inhibitory effect. The obtained aptamers have potential application in influenza A virus genotyping, and inhibition of HA-mediated membrane fusion ([@bib30]).

4. Aptasensor platforms
=======================

Aptamers represent an alternative to antibodies as recognition elements in biosensors. The aptamer selection can be performed under real matrix conditions, which is particularly useful for environmental and food samples. Aptamers can be modified for immobilization purposes and labeled with reporter molecules, without affecting their affinity. As nucleic acid sequences, aptamers can be subjected to repeated cycles of denaturation and renaturation; this makes it possible to regenerate the immobilized biocomponent function for reuse ([@bib47], [@bib74]).

Besides the advantages of specificity discussed above, aptamer immobilization characteristics are crucial for aptasensor applications. Aptamers can be chemically modified and labeled more easily than antibodies. These modifications facilitate the functionalization of nanoparticles and surfaces. Also, aptamers can undergo conformational changes and become reusable, allowing some of the aptasensor platforms to be recyclable. A major disadvantage is that most of the available aptamers are RNA structures, which are highly sensitive to nuclease degradation. Alternatives to overcome this problem include chemical modifications of the ribose at the 2′ position ([@bib76], [@bib53]) and the use of mirror-image analogs that are nuclease resistant (spiegelmers) ([@bib26]).

The introduction of aptamers as potential biorecognition molecules in biosensors was first reviewed by [@bib74]. Since then, electrical-based ([@bib56], [@bib103]) and optical-based platforms ([@bib23], [@bib27], [@bib60]) have been reviewed, including aptasensors for biosecurity ([@bib27]) and clinical ([@bib23]) applications. For clinical diagnostics, several aptamer-based biosensors (aptasensors) have been developed. Examples include quartz crystal aptasensors to detect IgE ([@bib61]) and the protein trans-activator of transcription (Tat protein) of human immunodeficiency virus type 1 (HIV-1) ([@bib67]); a fiber-optic system to detect thrombin ([@bib57]); and a multiplex cancer marker detection system ([@bib64]). In the electrochemical-based detection systems, few aptasensors have been reported ([@bib103], [@bib56]). Most of these aptasensors use thrombin as a target model for detection.

Electrical aptasensors include: (a) electrochemical platforms, using enzyme labeling detection systems ([@bib43], [@bib68]), aptamers functionalized with redox reporters ([@bib7], [@bib5]), and label-free impedance spectroscopy transduction ([@bib83], [@bib12]); (b) field-effect transistors ([@bib106]), using single-walled carbon nanotubes ([@bib89]); and (c) piezoelectric quartz crystals, using microgravimetric analysis ([@bib61], [@bib37]). One of the main advantages of electrical aptasensors is that sensitivity can be enhanced by attaching biocatalytic labels to the aptamer--target complexes, to amplify the detection signal. Furthermore, electrical aptasensors are more convenient for on-field detection applications, since they do not require expensive optical instruments ([@bib103], [@bib56]). Additionally, it is possible to use label-free and reusable detection systems. In most cases, protein electrical aptasensors can be easily reused after washing off the target protein. This cannot be done with immunological biosensors because both target and sensing element (antibodies) are proteins.

Optical-based aptasensors include aptamers labeled with fluorophores (signaling aptamers) ([@bib48], [@bib66]), fluorescence resonance energy transfer (FRET) platforms using aptabeacons ([@bib73], [@bib36]), and optical fibers ([@bib92]). One of the main disadvantages of using fluorescent labels in optical aptasensors is that their application in complex matrices is limited, due to the interference and quenching of fluorophores by biological components present in the matrix ([@bib60]).

4.1. Aptasensors for detection of microorganisms and viruses
------------------------------------------------------------

Several aptasensors have been developed to detect viral proteins. [@bib67] developed an aptasensor platform to detect HIV-1 Tat protein by immobilizing an RNA aptamer on a piezoelectric quartz crystal. Sensitivity, specificity, and reproducibility parameters were quantified. The aptasensor was also compared with the corresponding immunosensor with immobilized anti-Tat antibodies. Both the optimized aptasensor and the immunosensor showed a detection limit of 0.25 ppm ([@bib67], [@bib96]). The quartz crystal microbalance (QCM)-based aptasensor has also been compared with the corresponding surface plasmon resonance (SPR)-based aptasensor. The two aptasensors were constructed using biotin--avidin linking onto the gold surface of the transducers (quartz crystals or chips) for the immobilization chemistry. Both platforms showed similar reproducibility, sensitivity and specificity. The linear range of SPR (1--2.5 ppm) was higher that of QCM (0--1.25 ppm) ([@bib96]).

Another viral aptasensor example is the heptatitis C virus (HCV) core antigen detector. [@bib58] selected and tested the binding affinity of several aptamer sequences. After selection, the core specific aptamer was immobilized in a 96-well plate, using the sol--gel-based immobilization method. Then, the immobilized aptamers on the chip were incubated with recombinant core antigens. After antigen binding, the aptamer--core complexes were incubated with Cy3-labeled secondary antibodies. The platform was able to detect core-specific interaction with the aptamers, using pure recombinant protein as well as human sera matrixes. The results showed that this platform can specifically detect the core antigen from HCV-infected patients' sera ([@bib58]).

Detection of bacteria using aptasensors is a relatively new area. Recently, two different strategies for whole-cell detection, using quantum dots (QDs) and carbon nanotubes (CNTs), have been reported. Aptamer-functionalized QDs have been used to detect *Bacillus thuringiensis* spores ([@bib42]). In the study, zinc sulfide-capped cadmium selenide QDs were functionalized with a specific aptamer selected to detect *B. thuringiensis*. After QD-aptamer incubation with the target, the spores were washed and collected for fluorescence measurement. Several controls with non-functionalized QDs and without spores were tested to measure the non-specific attachment of the QDs to the spores and the fluorescence background noise. The reported sensitivity was 10^3^  CFU/ml. For specificity purposes, spores from *B. globigii* (*B. subtilis* var. niger) were also tested. The system could differentiate *B. thuringiensis* from *B. globigii* at concentrations above 10^5^  CFU/ml. The second strategy was developed to detect *E. coli* DH5α, using aptamer-functionalized single-walled carbon nanotube field-effect transistor (SWNT-FET) arrays ([@bib90]). The binding event between *E. coli* cells and the aptamer-functionalized FET produced a drop in conductance (\>50%) in culture samples with concentrations between 10^5^ and 10^7^  CFU/ml. Specificity assays were conducted with *S.* Typhimurium.

Aptamer-conjugated nanoparticles have been developed to collect and detect cancer cells from complex matrices ([@bib35], [@bib88]). Aptamer--magnetic nanoparticles were used for selective cell isolation, and aptamer--fluorescence nanoparticles were used to amplify the detection signal. Fluorescence was detected by confocal microscopy. The system was developed to detect leukemia and lymphoma cells with a detection limit of approximately 250 cells ([@bib88]). These strategies can be potentially applied to the collection, concentration, and detection of microorganisms from complex matrices. Whole-cell aptamer detection platforms represent a promising alternative not only for clinical diagnostics, but also for foodborne and environmental pathogen detection. The principal challenge is the presence of multiple target proteins in the cell wall, which produces difficulty in the post-SELEX evaluation and binding standardization. Future successful application of aptamers in biosensors for whole-cell detection will be dependent upon the SELEX standardization for complex targets and the post-SELEX characterization of the obtained aptamers and their binding reaction with the cells.

4.2. Nanoparticle-based aptasensors
-----------------------------------

Although nanoparticle-based aptasensors have not yet been used for microbial detection, the following section is presented as an opportunity for biosensor research and development. Recently, several aptasensor platforms have been developed that include the use of nanoparticles, particularly gold nanoparticles (AuNPs) and QDs ([@bib27], [@bib60]). The optical properties of AuNPs are commonly used in colorimetric detection. The surface resonance frequency of AuNPs can be modified, resulting in different detectable colors ([@bib60]). The chromatic changes result from the aptamer-functionalized AuNP aggregation after target recognition. Colorimetric assays do not require sophisticated detection apparatus ([@bib6]), and the detection can be performed in solution, avoiding the disadvantages of platform immobilization.

[@bib63] developed two solution-based colorimetric detection systems, using AuNPs functionalized with aptamers to detect adenosine and cocaine. AuNP aggregates linked by oligonucleotide sequences containing the specific aptamer were constructed. In the presence of adenosine or cocaine, the aptamer changed its structure to bind to the target molecule. This resulted in disassembly of the aggregates which produced a change in the color system from purple to red ([Fig. 2](#fig2){ref-type="fig"} ). The color change was instantaneous in the presence of 2 mM adenosine and 1 mM cocaine ([@bib63]). In a similar system, successful colorimetric detection was described for platelet-derived growth factor ([@bib40]).Fig. 2Schematic of gold nanoparticle aptasensor with colorimetric-based detection (adapted from [@bib63]). Aptamer-functionalized gold nanoparticles were aggregated using aptamer complementary oligonucleotide sequences. In the presence of the target molecule, the aptamer changed its structure for the binding event. This resulted in disassembly of the aggregates which produced a change in color.

AuNPs can also be used as fluorescence quenchers for optical detection. Using thrombin as a detection model, [@bib102] investigated three different strategies (adsorption, covalent immobilization, and hybridization) for the AuNP surface modification with aptamers. The thiolated aptamer immobilization provided the best results with the highest constant affinity and the most sensitive detection limit (0.14 nM). For detection, after the thiolated aptamer was immobilized onto gold nanoparticles, dye-labeled complementary DNA was hybridized with the aptamer, which resulted in fluorescence quenching. With the addition of thrombin, the aptamer adopted a different conformation in order to bind with the target. Hence, the dye-labeled DNA was released from the AuNP surfaces, producing a detectable fluorescence signal ([@bib102]).

Nanoparticles functionalized with bio-barcodes (small oligonucleotide sequences) have been used as antibody labels in sandwich detection systems to amplify detection and enhance sensitivity ([@bib70]). The use of AuNP in the amplification of aptamer bio-barcodes has been investigated, using thrombin as target model ([@bib34]). The proposed platform was based on a sandwich, label-free electrochemical detection. First, thrombin was captured by polyclonal antibodies immobilized in microtiter plates. The Ab--target complex was then recognized by biotin-25polyA-15aptamer-AuNP bio-barcodes. The aptamer was then released and collected from the AuNPs. Finally, the modified aptamers with the polyadenine oligonucleotides (bio-barcodes) were degraded by nuclease or acid, and differential pulse voltammetry was used to detect the well-defined adenine signal ([Fig. 3](#fig3){ref-type="fig"} ). The thrombin detection limit was 0.1 ng/ml ([@bib34]). Another sandwich-type assay to detect thrombin was used to develop a microgravimetric quartz crystal microbalance (QCM) platform, using AuNP for the detection. The thiolated capture aptamer was immobilized on the QCM electrode. After incubation with the target (thrombin), the aptamer--thrombin complex was recognized by the AuNPs functionalized with the detection aptamer. The AuNP attachment to the QCM surface provided initial thrombin analysis amplification, resulting in a frequency change. Secondary analysis amplification was obtained with the catalytic enlargement of AuNP in the presence of HAuCl~4~ and NADH, with a sensitivity of 20 nM. The use of aptamer-functionalized AuNPs as catalytic labels for thrombin analysis amplification in solution was also established ([@bib79]).Fig. 3Schematic of gold nanoparticle aptasensor with bio-barcode-based detection (adapted from [@bib34]). First, the target (thrombin) was captured by the immobilized antibodies. This Ab--target complex was then recognized in a "sandwich" type assay by the aptamer--bio-barcode functionalized gold nanoparticles. The aptamer--bio-barcodes were released and chemically degraded. The free bio-barcode nucleobases produced a specific signal detected by differential pulse voltammetry.

A sandwich-type assay was developed using platinum nanoparticles (PtNP) functionalized with a detection thrombin aptamer. The capture aptamer was immobilized on a gold electrode. After the aptamer--thrombin complex formation on the gold electrode surface, the secondary aptamer attached to the PtNP recognized the complex, and the PtNP catalyzed the H~2~O~2~ reduction process used for amperometric detection. This electrocatalytic nanoparticle system showed an improved sensitivity (1 nM) compared with the previous electrochemical aptasensors used for detecting thrombin ([@bib80]).

Semiconductive nanocrystals (QDs) have been widely used as fluorescent labels in several aptasensor applications. [@bib62] used two aptamer-functionalized QDs, with different fluorescence emission wavelength for simultaneous detection of adenosine and cocaine, containing AuNPs as quenchers. QDs were assembled with AuNPs by the specific aptamer, quenching the QD fluorescence emission. Addition of the targets (adenosine and cocaine) disassembled the aggregates, resulting in increased fluorescence. The targets were simultaneously detected by fluorescence and colorimetric measurements in solution ([@bib62]). QD--aptamer systems have also been used to detect thrombin ([@bib59], [@bib18]). [@bib33] developed an electrochemical aptasensor using QDs to detect thrombin and lysozyme simultaneously. A gold electrode was functionalized with thiolated aptamers for each protein. QD-tagged proteins (CdS for thrombin and PbS for lysozyme) were bound to the corresponding aptamer into the gold substrate. In the presence of the target proteins, the QD--protein complexes were displaced and the remaining nanocrystals were electrochemically detected. The position and size of the corresponding metal peaks (Cd and Pb) in the voltammograms corresponded to the type and amount of the respective protein target (thrombin and lysozyme) ([@bib33]).

5. Conclusions
==============

Complex-target SELEX can be used to isolate specific aptamers against microbial pathogens with potential application in molecular diagnostic platforms as well as infection inhibitor agents. One of the main disadvantages of using a whole-cell target approach in SELEX is that the specific target molecule is initially unknown, which can cause specificity problems and can also produce difficulty in the post-SELEX optimization of the binding assay between the obtained aptamer sequence and the target. Some alternatives to overcome these issues are the use of counter-selection steps with closely related species, and the use of deconvolution-SELEX steps to partition the initial aptamer pools against the multiple targets present in cell surfaces.

To date, most of the isolated aptamers against microorganisms have been selected for clinical applications. Aptamer application to detect environmental and foodborne pathogens is a promising area of research. Matrix complexity is one of the greatest challenges in molecular diagnostic application to foodborne pathogen detection. Several components regularly present in food samples can produce interference or cross-reaction in both immunology-based and nucleic acid-based detection systems. Therefore, additional isolation, concentration and/or purification of the microbial target is required before molecular detection, which increases the assay time and cost. However, the ability to select aptamers in real complex matrices represents a way to overcome these issues. Several aptasensor platforms for detecting pathogenic proteins have been developed, especially for viral proteins detection. Aptasensors for microbial whole-cell identification are a promising and challenging application, with potential advantages over existing immunological whole-cell biosensors.
